Majoron Dark Matter and Constraints on the Majoron-Neutrino Coupling by Brune, Tim & Päs, Heinrich
DO-TH 18/23
Massive Majorons and Constraints on the
Majoron-Neutrino Coupling
Tim Brune1 Heinrich Pa¨s2
Fakulta¨t fu¨r Physik, Technische Universita¨t Dortmund,
44221 Dortmund, Germany
Abstract
We revisit a singlet Majoron model in which neutrino masses arise from the spontaneous vio-
lation of lepton number. If the Majoron obtains a mass of order MeV, it can play the role of
dark matter. We discuss constraints on the couplings of the massive Majoron with masses of
order MeV to neutrinos from supernova data. In the dense supernova core, Majoron-emitting
neutrino annihilations are allowed and can change the signal of a supernova. Based on the
observation of SN1987A, we exclude a large range of couplings from the luminosity and the
deleptonization arguments, taking the effect of the background medium into account. If the
Majoron mass does not exceed the Q-value of the experiment, the neutrino-Majoron cou-
plings allow for neutrinoless double beta decay with Majoron emission. We derive constraints
on the couplings for a Majoron mass of order MeV based on the phase space suppression
and the diminishing signal-to-background ratio due to the Majoron mass. The combina-
tion of constraints from astrophysics and laboratory experiments excludes a large range of
neutrino-Majoron couplings in the mass range of interest for Majoron dark matter, where
they complement existing cosmological bounds from dark matter stability and the effects of
a decaying Majoron on the cosmic microwave background anisotropy spectrum.
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1 Introduction
The observation of neutrino oscillations [1–3] gives evidence to at least two nonvanishing
neutrino masses much smaller than the masses of the other standard model (SM) particles.
As the SM still lacks an explanation for neutrino masses and their smallness, a large variety
of neutrino mass generating mechanisms has been explored over the past years with the
most popular one being the seesaw mechanism [4]. In the seesaw mechanism, heavy right-
handed neutrinos suppress the masses of the left-handed neutrinos and thus offer a natural
explanation for the smallness of the neutrino mass. This mechanism requires neutrinos to be
Majorana particles and consequently leads to a violation of baryon-lepton number U(1)B−L
by two units. Assuming that U(1)B−L is a global symmetry and that the symmetry breaking
occurs spontaneously, a massless Goldstone boson, called the Majoron, will be generated [5–8].
Models with massless (or very light) Majorons have been studied extensively in the literature,
where the Majoron was originally either a singlet [5] or part of a doublet or triplet [7, 8].
However, the last two options are ruled out due to contributions to the invisible Z-width via
decays of the Z boson to the Majoron and its scalar partner, equivalent to one-half or two
extra neutrino species [9].
Currently, a major part of research in particle physics is dedicated to the ongoing search for
a dark matter (DM) particle. The Majoron as a DM particle has already been discussed
in [10, 11] and as the search for DM continues to be unsuccessful, the interest in Majoron
models is recently reviving. An appealing feature of Majoron models with respect to DM is
the suppression of the couplings of the Majoron to SM fermions by the seesaw-scale, rendering
it stable on cosmological timescales. If the Majoron acquires a mass and becomes a pseudo-
Goldstone boson, it will be a viable DM candidate [12].
Constraints on the couplings of the Majoron to neutrinos can be derived from astrophysics as
well as from laboratory experiments. First, the Majoron can have a significant impact on the
process of explosion and cooling of a supernova (SN). Second, constraints can be derived from
laboratory experiments searching for neutrinoless double beta decay with Majoron emission.
While the constraints for the case of a massless Majoron have been discussed in great detail
(see for example [9,13–16] and references therein), models including a massive Majoron have
rarely been considered.1 In this work, we aim to perform a dedicated analysis of the constraints
on the neutrino-Majoron couplings from SN data and neutrinoless double beta decay for
Majorons in the MeV mass range.
This paper is organized as follows. In Sec. 2, we discuss neutrino-Majoron interactions in
vacuum and in matter. In Sec. 3, we briefly discuss a mechanism to generate a Majoron
mass and the possibility of Majoron DM. In Sec. 4 and 5, we derive bounds on the neutrino-
Majoron couplings from SN data and neutrinoless double beta decay with Majoron emission
1Recently, constraints on a massive Majoron from SN data have been derived in [17] and constraints
from double beta decay have been discussed in [18]. In contrast to [17, 18], we include the impact of the
effective potentials and data from other experiments searching for neutrinoless double beta decay with Majoron
emission. Moreover, in [19], constraints on a massive vector Majoron have been derived.
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which we compare in Sec. 6. We conclude in Sec. 7.
2 Majoron Interactions
The Lagrangian coupling neutrinos to the Majoron can be in general written as
Lint ∝
∑
ij
gijνiγ5Jν¯j (2.1)
where in vacuum, the Majoron couples diagonally to the neutrino mass eigenstates, i.e. gij =
δijgi ∝ mif . In the presence of a background medium, the neutrino-Majoron interactions are
modified, which will be discussed in the following.
In general, when propagating in a medium, flavor neutrinos interact with the background
medium coherently via charged-current (CC) and neutral-current (NC) interactions. This
gives rise to effective potentials that shift the energy of the neutrinos and therefore change
the evolution equation. An example for a medium where the neutrino interactions with matter
have to be taken into account is the core of a SN. The corresponding effective potentials are
given by
VC =
√
2GFnB(Ye + Yνe) , (2.2)
VN =
√
2GFnB(−1
2
YN + Yνe) , (2.3)
where nB is the baryon density, GF is the Fermi coupling constant, and the particle number
fraction Yi is defined as
Yi =
ni − ni¯
nB
. (2.4)
The background medium in a SN core consists mostly of electrons e, protons p and neutrons
n. Therefore, electron neutrinos νe can have CC and NC interactions with the background
medium and their effective potential is given by
V (h)e = VC + VN = −h
√
2GFnB(Ye + 2Yνe −
1
2
YN) , (2.5)
where h = ±1 is the helicity of the respective neutrino. Muon and tau neutrinos νµ,τ can only
have NC interactions and their effective potential is consequently given by
V (h)µ,τ = −hVN . (2.6)
The Hamiltonian describing the neutrino evolution has to be extended by a term that takes
the flavor-dependent energy shift in matter into account. Therefore, the mass eigenstates |νi〉
will no longer be eigenstates in matter and it will be necessary to introduce a third type of
eigenstate, the medium eigenstate |ν˜i〉. As shown in App. A.1, in dense media, the medium
eigenstate |ν˜i〉 can be approximated as the weak state |να〉 with medium energy eigenvalues
E(h) = p+ V (h) (2.7)
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and nondiagonal neutrino-Majoron couplings in medium
g˜fm = gαβ = U
∗
αigijUβj . (2.8)
Thus, in medium, the Majoron couples effectively to the neutrino flavour eigenstates.
3 Massive Majorons as Dark Matter
In this section, a mechanism to generate a nonvanishing Majoron mass is discussed. We stress
that the constraints on the neutrino-Majoron couplings derived in 4 and 5 do not depend on
the mass-generating mechanism and other possibilities exist, see for example [20].
A Majoron mass can be generated by explicitly breaking the global U(1)B−L symmetry via a
radiatively induced term [12,20],
LH = λhσ2H†H + h.c. (3.1)
After spontaneous symmetry breaking at the seesaw-scale f and electroweak symmetry break-
ing at the scale v, a Majoron mass mJ is generated via
LH = −1
2
m2JJ
2(1 +
h
v
)2 , (3.2)
where the mass of the Majoron is directly proportional to the VEV of the Higgs, m2J = λhv
2.
In order for the Majoron to account for DM, the Majoron relic density ΩJ has to coincide with
the DM relic density. For simplicity, the only Majoron production mechanism considered in
the following discussion is the Higgs decay h → JJ .2 The corresponding decay rate is given
by [20]
Γ(h→ JJ) = 1
16pi
λ2h
v2
m2h
√
1− 4m
2
J
m2h
(3.3)
and depends only on mJ . There exist two well-known production mechanisms for DM, known
as the freeze-out and the freeze-in mechanisms. The scenario of the freeze-out mechanism
(for details, see [20, 21]) is ruled out in the mass range of interest by constraints from direct
detection or h → invisible, as shown in shown in [22]. However, the freeze-in mechanism is
capable of producing the correct Majoron relic density, as we will discuss in the following.
In the freeze-in mechanism [21], the initial abundance of the DM particle is negligible with
respect to those of the SM particles after reheating. The DM particle is produced via the
decay of a heavier particle X. If the decay rate is small enough, it will never thermalize. As
the temperature reaches T ≈ mX , the DM density reaches a plateau due to the Boltzmann
2It has been shown in [20] that the Higgs decay dominates the Majoron-producing scattering processes,
assuming small Yukawa couplings of the heavy neutrinos to J in order to neglect Majoron production at the
seesaw-scale.
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suppression of the heavy particle. An interesting feature of the freeze-in mechanism is that
the relic abundance of DM increases with the coupling to the heavy particle. In the freeze-in
scenario, the Majoron relic density is given by [12,21]
ΩJh
2 ≈ 21.09× 10
27
gs∗
√
gρ∗
mJΓ(h→ JJ)
m2h
. (3.4)
Using (3.3), the only free parameter in (3.4) is mJ and ΩJh
2
0 ≈ 0.12 can be fulfilled for
mJ ≈ 2.8 MeV , (3.5)
which translates to a coupling
λh ≈ 1.3× 10−10 . (3.6)
Note that in our discussion, we assumed the Majoron to be the only DM particle. If other
DM particles exist, the Majoron has to account only for a fraction of the DM relic density,
translating to mJ . 2.8 MeV, i.e. (3.5) is an upper bound on the Majoron mass.
A stringent bound on the neutrino-Majoron coupling can be derived from DM stability
which requires the lifetime of the Majoron to exceed the age of the universe. As has been
shown in [12], this can easily be achieved for mJ ≈ 1 MeV by assuming f ≥ 109 GeV. In
the case of normal ordering, i.e. mi . 10−2 eV from neutrino oscillations, this translates to a
strong constraint on the neutrino-Majoron coupling, g < 10−20, in order for the Majoron to
be DM. Moreover, the anisotropies of the cosmic microwave background (CMB) can be used
to derive constraints on the lifetime of the Majoron [23, 24], resulting in a similar constraint
on the neutrino-Majoron couplings, approximately g < 10−20.
4 Supernova Core-Collapse with Majorons
In this section, constraints on the neutrino-Majoron couplings gαβ for a Majoron mass range
0.1 MeV . mJ . 1 GeV are derived based on SN data. For simplicity, we assume that only
one neutrino-Majoron coupling constant gαβ is nonzero.
In the following, the inner core radius is approximated to be RC ≈ 10 km with a temperature
of T ≈ 30 MeV. The abundance of electron neutrinos in a SN core is extremely high, thus
they have a chemical potential of µνe ≈ 200 MeV, while the chemical potential of the electron
antineutrinos is given by µν¯e ≈ −200 MeV. In the first approximation, the chemical potentials
of
(−)
ν µ,τ vanish, µ(
(−)
ν µ,τ ) ≈ 0 [25]. In the core, the effective potentials are of order
|Ve| ≈ O(1 eV) , (4.1)
|Vµ,τ | ≈ O(10 eV) . (4.2)
There are three different constraints on the neutrino-Majoron couplings gαβ from SN data to
be examined in the following. Our approaches concerning the “luminosity constraint” and the
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“trapping constraint” in Sec. 4.1 and Sec. 4.3, respectively, follow [17], with the difference of
explicitly including the contribution of the effective potentials in 4.1. A different approach to
obtain the “deleptonization constraint” is presented in Sec. 4.2.
4.1 Constraints from Majoron Luminosity
The predicted amount of binding energy released in a SN explosion is compatible with the
neutrino signal measured from SN1987A [26–30]. Consequently, introducing an additional
particle, in this case the Majoron, must not alter the signal significantly to be in agreement
with experiment. Therefore, the impact of the process
(−)
ν
(−)
ν → J has to be considered, as it
can lead to an additional energy depletion that changes the neutrino signal. Constraints on
the neutrino-Majoron couplings gαβ are derived under the terms that the Majoron luminosity
does not exceed the total neutrino luminosity within one second after the explosion, LJ ≈
5× 1052 erg/s.
The luminosity of the inverse Majoron decay νν → J is given by
LJ(
(−)
ν α
(−)
ν β → J) =4
3
piR3CDQ(
(−)
ν α
(−)
ν β → J) . (4.3)
The decay factor
D = e−Γ(J→
(−)
ν α
(−)
ν β)RC (4.4)
takes into account that the Majoron can decay back to neutrinos inside the core which would
prevent an exotic energy depletion. Taking the effective potentials into account, the decay
width is given by
Γ(J → (−)ν α(−)ν β) =
∫ pJ
0
|gαβ|2
8pi
1
pJ
[
m2J
(
1
EJ
− Vα + Vβ
2pβ(EJ − pβ)
)
− (Vα + Vβ)
]
dpβ . (4.5)
For mJ ≥ 1 keV, the contribution of the effective potentials can be neglected.3 Therefore, the
decay width reduces to
Γ(J → (−)ν α(−)ν β) ≈ |gαβ|
2
8pi
m2j
EJ
. (4.6)
The energy emission rate [17,31,32] for the process
(−)
ν
(−)
ν → J is given by
Q(
(−)
ν α
(−)
ν β → J) =
∫
dΠαdΠβdΠJEJ |M|2FSfαfβ(2pi)4δ(4)(Pα + Pβ − PJ) , (4.7)
where the symmetry factor FS =
1
1+δαβ
takes identical particles in the initial state into account
and the Fermi-Dirac distribution fα is approximated as a Maxwell-Boltzmann distribution,
3Due to numerical instabilities, we only present constraints for mJ ≥ 0.1 MeV, which still covers the mass
range of interest.
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fα ≈ 1exp Eα−µα
T
. We find Q→ 0 as mJ & T , which is expected since the Majoron production
is suppressed by e−
mJ
T and thus extremely ineffective for Majoron masses mJ & T . The
only free parameters in (4.7) are mJ and gαβ, thus we evaluate bounds on |gαβ| for Majoron
masses 0.1 MeV < mJ < 1 GeV, demanding LJ < 5× 1052 erg/s. For a rough approximation,
(4.1) and (4.2) are used. The constraints are shown in Fig. 1, where the colored regions
are excluded. A large range of couplings |gee| and |geα| , (α = µ, τ) is excluded, while the
constraints on |gαα| are comparably weak. This can be traced back to the high abundance of
electron neutrinos and the low abundance of muon and tau neutrinos, resulting in neutrino
flavor dependent Majoron luminosities as LJ(νeνe → J) > LJ(νeνα → J) > LJ(νανα →
J) . At mJ ≈ 2.8 MeV, the mass of interest regarding Majoron DM produced via freeze-in,
constraints on |gee| and |geα| , (α = µ, τ) are derived, while |gαα| is not constrained at this
certain Majoron mass.
We stress that the constraints suffer from very poor experimental data from SN1987A. As
discussed in [17], the detection of a future SN at a distance of order 1 kpc could reinforce the
constraints on gαβ and would allow us to probe couplings |gαβ| up to 10−13.
4.2 Deleptonization Constraints
The strength of the SN bounce shock depends on the trapped lepton fraction during the infall
stage, YL = Ye + Yνe , which has to be larger than Y
Bounce
L ≈ 0.375 at the time of the core
bounce in order to allow for a successful explosion [33–35] .
The inverse Majoron decay νeνα → J changes ∆Le by one (α 6= e) or two (α = e) units and
if the neutrino-Majoron coupling is too large, it could prevent a successful explosion.
The deleptonization rate for the ∆Le = 2 process νeνe → J can be calculated in terms of the
Boltzmann equation [36]
Y˙L = −2 1
nB
γeq(νeνe → J) , (4.8)
where the factor of 2 takes into account that the process violates electron lepton number by
two units and γeq is the thermal rate, given by
γeq(νeνe → J) =
∫
dΠαdΠβdΠJ |M|2FSDfαfβ(2pi)4δ(Pα + Pβ − PJ) , (4.9)
which differs from (4.7) only by a factor of EJ . We suppose νeνe → J is the only process
violating electron lepton number, thus nBY˙L = n˙νe . Additionally, the number density of the
Majoron is neglected and neutrinos are taken to be in thermal equilibrium. The number den-
sity of electron antineutrinos is small compared to the number density of electron neutrinos.
Therefore, the impact of the process ν¯eν¯e → J has been neglected.
We solve the differential equation numerically, with the initial condition Y InfallL (10
12 g/cm3) ≈
0.75 at the time when neutrinos become trapped. Constraints on |gee| for the Majoron mass
range of interest are derived under the condition Y BounceL (3× 1014 g/cm3) ≥ 0.375 at the time
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of the core bounce [37]. The constraints are visualized in Fig. 1, where the colored regions
are excluded. The deleptonization constraints for |gee| are less stringent than the luminosity
constraints on |gee| and do not exclude an additional range of couplings. At mJ ≤ 100 MeV, a
small range of couplings |gee| is not excluded due to the deleptonization constraints, however,
the luminosity constraints on |gee| are still valid in this region. On the other hand, using the
same method as above, no deleptonization constraints for |geα| , (α = µ, τ) could be derived.
First, the abundance of nonelectron neutrinos during the infall stage is much lower than the
abundance of electron neutrinos and, second, the process νeνα → J violates electron lepton
number only by one unit. Consequently, the deleptonization constraints for |geα| are expected
to be significantly less stringent compared to the constraints for |gee|.
We want to stress the strong dependence of the deleptonization constraints on the explosion
mechanism, which is not yet well understood, and the numerical modulation. Moreover, the
density profiles used in this section are taken from SN simulations without Majoron processes,
thus including the Majoron in SN simulations could improve the deleptonization constraints.
4.3 Majoron Trapping
So far, it was assumed that the Majorons produced via
(−)
ν α
(−)
ν β → J either freely leave the core
or decay back to neutrinos. However, if the coupling between neutrinos and the Majoron is
too large, neutrino-Majoron scattering
(−)
ν J → (−)ν J can lead to trapping of the Majoron in the
core. This has two effects. First of all, trapped Majorons do not lead to an additional energy
depletion to be measured on earth.4 Second, if there is a considerable amount of Majorons
in the core, the SN dynamics might change drastically, thus our model would not be valid
anymore. Therefore, it is reasonable to assume that the constraints only hold if Majorons do
not become trapped.
The thermal average of the inverse mean free path is given by [17]
l¯−1J (mJ , |gαβ|) =
∑
α,β
∫
dEil
−1fJ(Ei)∫
dEif(Ei)
, (4.10)
where [31]
l−1J =
∫
d3pα
(2pi)3
σ(
(−)
ν αJ → (−)ν βJ) . (4.11)
For a rough approximation, the influence of the effective potentials ia neglected, i.e. the result
is a slight underestimation of the mean free path. However, as p Vαβ, we assume that the
discrepancy is marginal. Moreover, the Majoron distribution function is approximated as the
convolution of two neutrino distribution functions,
fJ(Ei) =
Te
µa+µb
T
e
µa+µb
T − eEiT
log
 eEiT (1 + eµaT )
(
1 + e
µb
T
)
(
e
µa
T + e
Ei
T
)(
e
µb
T + e
Ei
T
)
 . (4.12)
4We neglect the effect of the volume emission from the “Majoron sphere”, the sphere in which the Majorons
are trapped.
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For the neutrinos, a Fermi-Dirac distribution fα =
1
1+exp Eα−µα
T
is used.
We evaluate constraints on |gαβ| for 0.1 MeV . mJ . 1 GeV from (4.10) under the condition
that Majorons are not trapped, i.e. l¯J > RC . The constraints for |gαβ| are shown in Fig. 1,
where the regions above the lines lead to trapping of Majorons. The trapping regions do not
intersect the luminosity constraints, i.e. trapping has no impact on our constraints. Note
that the “trapping constraint” is rather a bound on the validity of our discussion than an
actual constraint on the neutrino-Majoron couplings |gαβ|.
The combined constraints from SN data, shown in Fig. 1, exclude a large region of
parameter space. For the neutrino-Majoron couplings |gee| and |geα| , (α = µ, τ), a range is
excluded in which the Majoron could act as DM, i.e. where mJ ≈ 2.8 MeV. The constraints
involving nonelectron neutrinos are less extended since their abundance in the SN core is
significantly smaller than the abundance of electron neutrinos. Since an increasing neutrino-
Majoron coupling results in a higher Majoron luminosity, one would expect all neutrino-
Majoron couplings larger than the respective lower bound of the constraints to be excluded.
However, our results show that upper bounds on the constraints exist, i.e. larger values of
coupling constants are not excluded due to SN data. This can be traced back to the decay
factor D in the calculation of the deleptonization and luminosity constraints: If the neutrino-
Majoron coupling is too large, the Majoron decays back to neutrinos before it leaves the core
and no exotic energy depletion occurs.
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Figure 1: Constraints from SN data. The colored regions are excluded due to luminosity and
deleptonization constraints. The region above the lines leads to trapping of Majorons inside
of the core. The vertical corresponds to mJ = 2.8 MeV, i.e. the mass where the Majoron can
account for DM. T is the core temperature and α = µ, τ . The trapping bounds suffer from
numerical instabilities that could not be solved in the available computation time.
The deleptonization constraints are comparably weak and suffer from the not well under-
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stood explosion process. However, including the Majoron in SN simulations could improve
the deleptonization constraints. As discussed above and in [17], the luminosity constraints
could allow to exclude a region up to |g| ≈ 10−13 in the case of the observation of a future
nearby SN. The luminosity constraints are discussed in more detail in Sec. 6.
In [17], the impact of the effective potentials is neglected. For mJ ≥ 1 keV, their impact on
the constraints is marginal, i.e. our constraints hardly differ from those presented in [17].
However, for mJ ≤ 1 keV, the decay width depends significantly on the effective potentials,
which should be included in the constraints presented [17].
For completeness, note that in the case of a massless Majoron, the neutrino decay ν → ν¯J is
kinematically allowed, i.e. the contribution of this process should be included in the calcu-
lation of the luminosity and the deleptonization constraints. Therefore, our constraints are
only valid for the massive Majoron and in the limit mJ → 0, they do not need to be compat-
ible with constraints on the couplings of a massless Majoron to neutrinos, as calculated for
example in [13–15].
5 Neutrinoless Double Beta Decay with Majoron Emis-
sion
Double Beta Decay [38–44] is a rare nuclear process. It has half-lives of order 1020 years
or longer and can occur if a single beta decay of the parent nucleus is either energetically
forbidden or strongly suppressed due to a large difference in angular momentum. The decay
mode first discussed [45] is the two-neutrino double beta decay (2νββ)
(Z,A)→ (Z + 2, A) + 2e− + 2ν¯e , (5.1)
which can be seen as two successive beta decays via virtual intermediate states, where the
ordering number Z changes by two units and the atomic mass A remains the same. It is
allowed in the SM, independently of the nature of the neutrinos, and is of second order Fermi
theory.
Another mode is the neutrinoless double beta decay (0νββ) [46]
(Z,A)→ (Z + 2, A) + 2e− , (5.2)
which violates lepton number by two units and is thus forbidden in the SM. This decay can
only occur if the neutrino is a Majorana particle. Moreover, in order to allow for the helicity
matching, the neutrino has to be massive.
In the presence of neutrino-Majoron couplings, another possible 0νββ-mode is the neutrinoless
double beta decay with Majoron emission, 0νββJ [8],
(Z,A)→ (Z + 2, A) + 2e− + J . (5.3)
This mode has been discussed for the case of the massless Majoron (see for example [9,16,47]).
The case of the massive Majoron has so far only been discussed in [19] for the massive vector
Majoron and recently in [18] for the singlet Majoron model.
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5.1 Constraints from 0νββJ
In this section, constraints on the effective neutrino-Majoron coupling |gee| are derived, based
on the nonobservation of 0νββJ . Our analysis follows closely the approach of [18], where
constraints on |gee| for the massive Majoron are derived from limits on |gee| for the massless
Majoron by taking into account the effect of the mass on the phase space and the signal-to-
root-background ratio.
Since the Q-value of the nucleus determines the Majoron mass which can be probed, data from
experiments with highQ-values are preferred. The highestQ-value comes from NEMO-3 using
48Ca [48] , however, stronger constraints come from NEMO-3 using 100Mo [49] and 150Nd [50]
as from EXO-200 using 136Xe [51].5 Data from experiments using isotopes such as 76Ge [53,54]
and 82Se [55] are not included in the analysis since they provide comparably weak limits and
small Q-values. The measured Q-values and the limits on |gee| for the massless Majoron can
be found in Tab. 1.
Table 1: Q-values and limits on the neutrino-Majoron coupling |gee| at 90%CL in the case of
a massless Majoron.
Element Q /MeV |gee(mJ = 0)|
48Ca 4.27 (1.0− 4.3) · 10−4 [48]
100Mo 3.03 (1.6− 4.1) · 10−5 [49]
150Nd 3.37 (3.3− 14.4) · 10−5 [50]
136Xe 2.5 (0.8− 1.7) · 10−5 [51]
76Ge 2.04 (3.4− 8.7) · 10−5 [53]
82Se 3.00 (3.2− 8) · 10−5 [55]
The decay rate for 0νββJ is given by [42]
ΓJ = GJ(Q,Z)|gee|2|MJ |2 , (5.4)
where gee is the effective coupling constant of the Majoron to neutrinos,
gee =
∑
i,j
gijUeiUej . (5.5)
The phase space integral is given by [39] ,
GJ ∝
∫ Ei−Ef−me
me
d1F (Z, 1)p11
∫ Ei−Ef−1
me
d2F (Z, 2)p22
∫
dJpJδ(Ei − Ef − J − 1 − 2) ,
(5.6)
5In [18], instead of data from EXO-200, data from KamLAND-Zen using 136Xe [52] was included in the
analysis. Moreover, in [18], data from NEMO-3 using 48Ca [48] was not part of the analysis.
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where pJ(J) is the momentum (energy) of the emitted Majoron, Ei and Ef are the energies
of the initial and final state nucleus, respectively, and 1,2(p1,2) are the energies (momenta) of
the electrons and ν1,2 are the energies of the neutrinos in the final state. The Fermi function
F (Z, i) takes into account the effect of the Coulomb field of the daughter nucleus (Z,A) on
the wave functions of the emitted electrons.
Using Q := Ei − Ef − 2me and the Primakov-Rosen approximation of the Fermi function
[42,56],
F (Z, i) =
i
pi
2piαZ
1− exp(−2piαZ) , (5.7)
the electron sum spectrum can be written as
dGJ
dT
∝
√
(Q− T )2 −m2J
(
30m4eT + 60m
3
eT
2 + 40m2eT
3 + 10meT
4 + T 5
)
, (5.8)
where T = 1 + 2 − 2me is the sum of the kinetic energies of the electrons in the final state.
The decay rate for 2νββ can be written as [42]
Γ2ν = G2ν(Q,Z)|M2ν |2 , (5.9)
and the respective electron sum spectrum is given by
dG2ν
dT
∝ (Q− T )5 (30m4eT + 60m3eT 2 + 40m2eT 3 + 10meT 4 + T 5) . (5.10)
5.1.1 Phase Space Suppression
The phase space GJ(mJ) in Eq. (5.8) can be written as
GJ(mJ) =
∫ Q−mJ
0
dGJ(mJ)
dT
dT . (5.11)
Due to the Majoron mass, the phase space decreases, and the phase space suppression is
calculated as G(mJ )
G(0)
[18]. The normalized ratio G(mJ )
G(0)
is plotted in Fig. 2. We find GJ(mJ)→ 0
as mJ → Q, thus the decay width is significantly reduced compared to the case of a massless
Majoron, resulting in weaker limits on |gee(mJ)|.
5.1.2 Signal-to-Root-Background Ratio
Next, the decrease of the signal-to-root-background ratio is considered, where 0νββJ is the
signal and 2νββ is the background. The 100Mo electron sum spectra are plotted in Fig. 3 for
various values of mJ . Note that the normalizations of 2νββ and 0νββJ(mJ = 0) are arbitrary
while the 0νββJ(mJ 6= 0) distributions are normalized with respect to 0νββJ(mJ = 0).6
With increasing Majoron mass, the relative amplitude and the maximal summed electron
6Our spectra differ from those presented in [18]. Blum et Al. confirmed a mistake in the relativistic
approximation which changes the spectra, however, the effect on the limits presented in [18] is marginal.
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Figure 2: Phase space suppression as a function of mJ in the Primakov-Rosen approximation.
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Figure 3: Normalized spectrum of 100Mo for 2νββ and 0νββJ for different Majoron masses
mJ .
energy Tmax decrease, shifting the spectrum of 0νββJ(mJ 6= 0) to the left with respect to
the spectrum of 0νββJ(mJ = 0). Consequently, the overlap with the irreducible SM-2νββ
spectrum increases, resulting in a smaller signal (0νββJ) to background (2νββ) ratio.
For a proper analysis, experiment-dependent sources of background should be incorporated in
the analysis. However, as a rough approximation, following [18], it is assumed that the impact
of the Majoron mass on the spectrum can be taken into account by calculating max[s]√
b
, which is
normalized with respect to max[s]√
b
(mJ = 0). As can be seen in 4, the signal-to-root-background
ratio max[s]√
b
decreases significantly with increasing Majoron mass.
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Figure 4: Signal-to-root-background ratio as a function of mJ .
5.1.3 Half-life Limit
The decreasing signal-to-root-background ratio s√
b
deteriorates the limit on the half life T 1
2
as
T 1
2
(mJ) =
max[s]√
b
(mJ)
max[s]√
b
(0)
T 1
2
(0) . (5.12)
Accordingly, the bound on the effective coupling |gee| of electron neutrinos to the Majoron
can be obtained from
|gee(mJ)| =
√√√√ G(0)
G(mJ)
max[s]√
b
(0)
max[s]√
b
(mJ)
|gee(0)| , (5.13)
where
T−11
2
(mJ) = G(mJ)|MJ |2|gee(mJ)|2 . (5.14)
Here we assumed the nuclear matrix element MJ does not depend on mJ . The constraints on
|gee| for the kinematically allowed Majoron mass range are plotted in Fig. 5. We stress that
in contrast to Fig. (1), the regions above the bands are excluded in Fig. 5 by the respective
experiment. The widths of the bands represent the uncertainties on |gee(0)| placed by the
collaborations. Therefore, for mJ ≈ O(1 MeV), a large range of neutrino-Majoron couplings
|gee| is excluded. Our approach allows us to derive constraints on |gee| for Majorons in the
MeV mass range from the constraints on |gee(0)| provided by the collaborations using 48Ca
and 150Nd. We explored the deterioration of the limits based on the decrease of max[s]√
b
, using
only 2νββ as background. For mJ > 0, additional sources of background, depending on the
respective experiment, should be included, thus we assume to undervalue the uncertainties at
mJ > 0.
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Figure 5: Limits on |gee| from 0νββJ where the region above the bands is excluded by the
respective experiment. The widths of the bands represent the uncertainties on |gee(0)| placed
by the collaborations. The vertical line corresponds to mJ = 2.8 MeV, i.e. the mass where
the Majoron can account for DM.
6 Comparison of the Constraints
In Fig. 6, the constraints on |gee| derived in Sec. 4.1 from the SN luminosity argument are
compared to the 0νββJ-constraint, discussed in Sec. 5. The colored regions are experimen-
tally excluded. For illustrative reasons, only the constraints on |gee| from NEMO-3 using
48Ca [48] (Fig. 6a) and from EXO-200 using 136Xe [51] (Fig. 6b) are shown. The width of
the lighter colored band represents the uncertainties on |gee(0)| placed by NEMO-3 [48] and
EXO-200 [51], respectively. Since 0νββJ allows to derive constraints only on |gee|, we do
not show the luminosity or trapping constraints on |geα| , (α = µ, τ) and |gαα| , (α = µ, τ).
Moreover, the deleptonization constraints on |gee| are not shown since they do not improve
upon the luminosity constraints on |gee|. The vertical line corresponds to mJ = 2.8 MeV, i.e.
the mass where the Majoron can account for DM.
The combination of constraints from SN data and 0νββJ data from NEMO-3 [48] excludes
a large range of neutrino-Majoron couplings |gee| for 0.1 MeV . mJ . 5 MeV and there-
fore, the constraints are also viable for mJ ≈ O(1 MeV), i.e. they provide constraints on
Majoron DM produced via freeze-in considered in this work, even though the constraints do
not improve upon the already existing constraints from DM stability and CMB anisotropy
spectrum. For the sake of completeness, we want to point to the existence of constraints on
neutrino couplings to a massive scalar from Big Bang nucleosynthesis [57].These bounds apply
independent of the neutrino flavour for sub-MeV scalar masses and constrain the coupling to
be smaller than O(10−8). Note that the value of the DM mass is an approximation and an
upper bound, assuming the Majoron is the only DM particle. Moreover, other mechanisms
to generate a DM relic denstiy with Majorons exist.
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Data from EXO-200 using 136Xe [51] provides the strongest constraints regarding 0νββJ .
Therefore, in the case of a massive Majoron, 0νββJ data excludes Majoron trapping up to a
Majoron mass of mJ ≈ 0.3 MeV.
The 0νββJ half-life limit T 1
2
depends on the sensitivity of the double beta decay experiment,
which is expected to be increased in future experiments. Nonobservation of 0νββJ and the
sensitivity improvement in the future would translate to increasing half-life limits. Therefore,
future 0νββJ experiments could probe smaller couplings |gee|, leading to more stringent lim-
its. It will be particularly interesting if the sensitivity of future 0νββJ experiments would
allow to close the gap between the luminosity constraints on |gee|. Moreover, we only gave
a crude estimate on the varying signal-to-root-background ratio for a massive Majoron. An
analysis of the effect of a massive Majoron on the signal-to-root-background ratio performed
by the respective collaborations could significantly improve the constraints on |gee|.
Our calculation of the luminosity constraints relies on the poor experimental data from
SN1987A. The detection of a future SN at a distance of order of 1 kpc would lead to a
significant improvement. In [17], the estimated numbers of detected neutrino events in the
Super-Kamiokande and IceCube experiments are 105 and 108, respectively, which would al-
low us to probe couplings |gαβ| down to 10−13. Consequently, a detected future SN and
improved 0νββJ experiments could exclude neutrino-Majoron couplings |gee| down to 10−13
for mJ ≈ O(1 MeV).
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(a) Constraints on |gee| from SN data and from
0νββJ data from NEMO-3 (48Ca [48]).
0.2 0.5 1.0 2.0
mJ
MeV
10
-13
10
-10
10
-7
10
-4
0.1
ÈgeeÈ
136
Xe ÈgeeÈ Luminosity ÈgeeÈ Trapping
(b) Constraints on |gee| from SN data and from
0νββJ data from EXO-200 (136Xe [51]).
Figure 6: Comparison of the constraints on |gee| from SN data and from 0νββJ . The col-
ored regions are excluded. The vertical line corresponds to mJ = 2.8 MeV, i.e. the mass
where the Majoron can account for DM. The width of the lighter colored band represents the
uncertainties on |gee(0)| placed by the collaborations.
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7 Conclusion
In this work, we considered a singlet Majoron model, where a pseudo-Goldstone boson, the
Majoron, arises at the seesaw-scale due to spontaneous violation of baryon-lepton number
U(1)B−L. The couplings of the Majoron to the SM fermions are highly suppressed, rendering
it stable on cosmological time scales and thus allowing the Majoron to be a DM candidate.
If the Majoron has a mass mJ ≈ 2.8 MeV, the observed DM relic density can be produced
by means of the Majoron via the freeze-in mechanism. In this work, constraints on neutrino-
Majoron couplings for a Majoron with mJ ≈ O(1 MeV) from SN data and neutrinoless double
beta decay have been discussed.
Neutrinos play an important role in the dynamics of SN explosions, allowing us to derive two
bounds on neutrino-Majoron couplings from SN cooling. First, the energy loss of the SN core
due to the Majoron emission has to be small compared to the energy emission by neutrinos
in order to explain the neutrino signal observed from SN1987A. Second, a large depletion
of electron lepton number during the infall stage can prevent a successful explosion. For a
mJ ≈ 0.1 MeV−1 GeV, a large region of neutrino-Majoron couplings is excluded (see Fig. 1).
Additionally, we find that Majoron trapping does not affect our constraints. We stress that
including the Majoron in SN simulations or the observation of a nearby SN explosion could
improve or reinforce our constraints.
Moreover the couplings of neutrinos to the Majoron can allow for neutrinoless double beta
decay with Majoron emission. If kinematically allowed, i.e. mJ < Q, the nonobservation of
0νββJ translates to constraints on |gee| (see Fig. 5). The analysis was based on the depletion
of the phase space factor G(mJ) and the reduction of the signal-to-root background ratio,
s√
b
,
due to the Majoron mass mJ . We stress that we did not properly include the background
for mJ > 0 and urge the collaborations to explore the limits on the massive Majoron model
in more detail. Future 0νββJ experiments with an improved sensitivity could exclude larger
regions of neutrino-Majoron couplings and would therefore strengthen the constraints on
the Majoron model. If the increasing sensitivity would allow to close the gap between 0νββJ
constraints and SN constraints, the electron neutrino-Majoron would be strongly constrained,
|gee| . 10−11 for mJ ≈ O(1 MeV). If a neutrino signal of a future galactic SN would be
observed, even stronger limits could be obtained, |gee| . 10−13 for mJ ≈ O(1 MeV).
The constraints derived from SN data and neutrinoless double beta decay are not yet in
the scope of the constraints from DM stability and CMB anisotropy spectrum, i.e. g <
10−20. However, the gap between the constraint from Majoron DM and astrophysical and
laboratory constraints encourages future experimental efforts and complements the already
existing constraints.
To summarize, the constraints from SN cooling and neutrinoless double beta decay with
Majoron emission exclude a large space of couplings of a Majoron with a mass in the MeV
range to neutrinos.
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A Appendix
A.1 Neutrino-Majoron Interactions in Matter
We write the total Hamiltonian in matter as [58]
H = H0 +Hmed , (A.1)
where H0 is the vacuum Hamiltonian obeying
H0 |νi〉 = Ei |νi〉 (A.2)
with energy eigenvalues
Ei ≈ p+ m
2
i
2p
, p := |~p| (A.3)
in the relativistic approximation. Moreover, Hmed takes the interaction with the medium into
account. The flavor states are eigenstates of the medium Hamiltonian,
Hmed = V
(h)
α |ν(h)α 〉 , (A.4)
with matter potentials V
(h)
α , defined in (2.5) and (2.6). Neutrino flavor eigenstates |να〉 are
connected to neutrino mass eigenstates |νi〉 via
|να〉 = U∗αi |νi〉 (A.5)
and, assuming neutrinos are of the Majorana type, we adopt the convention to call Majo-
rana neutrinos with negative helicity neutrinos and Majorana neutrinos with positive helicity
antineutrinos:
|ν(h)〉 =
{
|ν〉 , h = −1 ,
|ν¯〉 , h = +1 . (A.6)
In the mass basis, the Schro¨dinger equation can be written as [14,15]
i∂t |ν(h)i 〉 = (Eiδij + UαiVαU∗αj)︸ ︷︷ ︸
=:H˜mij
|ν(h)j 〉 , (A.7)
where in matrix form, H˜m = E + UV U † is nondiagonal, i.e. |νi〉 is indeed not an eigenstate
of the Hamiltonian in matter (A.1). Introducing a matrix U˜
(
θ(h)
)
that diagonalizes H˜m,
17
H˜mdiag = U˜
†(θ(h))H˜mU˜(θ(h)), results in the relation |ν˜(h)i 〉 = U˜ij(θ(h)) |ν(h)j 〉 between medium
states |ν˜(h)i 〉 and mass states |ν(h)j 〉, where θ(h) is the effective mixing angle in matter.
In the flavor basis, the Schro¨dinger equation is given by
i∂t |ν(h)α 〉 = (U∗αiEiUiβ + Vαδαβ)︸ ︷︷ ︸
=:H˜wαβ
|ν(h)β 〉 , (A.8)
and in the ultrarelativistic approximation, the relations p m2i
2p
and V
(h)
α |  m2i2p , hold. Using
(A.3), the medium Hamiltonian in the weak basis is approximately diagonal,
H˜w |ν(h)α 〉 ≈ (p+ V (h)α ) |ν(h)α 〉 , (A.9)
with medium energy eigenvalues
E(h) = p+ V (h)α . (A.10)
Therefore, the weak states can be approximated as the medium eigenstates7,
|ν˜i〉 ≈ |να〉 . (A.11)
In order to discuss the impact of a background medium on the neutrino-Majoron couplings,
the Hamiltonian (A.1) is extended by a term
HJ =
∑
i,j
∑
hi,hj
gij ν¯
(hi)
i γ5ν
(hj)
j J, (A.12)
which takes the neutrino-Majoron interactions into account. In vacuum, the Majoron coupling
to the mass eigenstates is diagonal, i.e. gij = gijδij. Inserting (A.5) yields the nondiagonal
coupling matrix in the medium basis
g˜fm = gαβ = UαigijUβj . (A.13)
Thus, in medium, the Majoron couples to the neutrino flavor eigenstates.
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